Alu repeated sequences arising in DNA of the human lineage during about the last 30 million years are closely similar to a modern consensus. Alu repeats arising at earlier times share correlated blocks of differences from the current consensus at diagnostic positions in the sequence. Using these 26 positions, we can recognize four subfamilies and the older ones are each successively closer to the 7SL sequence. It appears that there has existed a series of conserved genes that are the primary sources of the Alu repeat family, presumably through retroposition. These genes have probably replaced each other in overlapping relays during the evolution of primates.
Nearly a million copies of the Alu repeated sequence (1) are interspersed throughout human DNA with an average spacing of -4 kilobases (2) . Alu repeated sequences appear to frequently induce rearrangements, as indicated by the following example. Five different hereditary defects in the low density lipoprotein receptor gene, causing familial hypercholesterolemia, all result from deletions or duplications in which Alu repeated sequences occur at the rearrangement break points (3) . The rearrangements occur frequently at specific regions within the Alu repeated sequences in the low density lipoprotein receptor gene and the y-, &-, and f3-globin genes (3) . The large number ofAlu repeats inserted in gene regions by retroposition (4) and the events of rearrangement they cause have been major sources of variation during primate evolution.
Recently, Alu repeats have been shown to be divided into at least three subsets (5) , including sets with a "conserved consensus" and a "divergent consensus. " This paper and the accompanying paper (6) examine similar and divergent sets of Alu sequences by using more powerful methods. The analysis adds to previous work by identifying the diagnostic substitutions that are shared among subfamilies; by comparing the divergence of many pairs of sequences with their divergence from the consensus; by identifying correlated sets of mutations of the progenitor 7SL (7) sequence; and by hybridization measurements of the total set ofAlu repeated sequences. We examine a model in which conserved "source" sequences are repeatedly copied and the copies are inserted into the genome.
METHODS
Alignments were done with a Wilbur and Lipman (8) program and manually checked to reach the best alignment to the consensus of Fig. 1 , assuming equal weight for insertions, deletions, atnd mismatches. § Repurified commercial human placental DNA was sonicated to -500-nucleotide fragments. To suppress the effect of base composition DNA was bound to hydroxyapatite at 50'C and thermally eluted in PT [2. Consensus of the closely similar set of Alu sequences. Below the line are shown the differences between the consensus and anAlu repeat that was inserted into the gorilla genome (9) after the split between the lineages leading to human and gorilla. The 3'-terminal poly(A) region is not shown. The 25 CpG dinucleotides are in lowercase letters. Symbols over the sequence show locations of the diagnostic positions used to distinguish classes of Alu repeats, as described at the end of this paper. Class: IV/Ill, !; III/II, +; II/I, :. buffer (PB)]. Precise duplexes of this size have a t, (half point for elution) of 68TC. A clone of a gorilla DNA region (bases 264-1043) (9) containing a recent class IV Alu repeat in M13 was labeled by extension and the single-stranded fragment was purified (Gor-e) or labeled by fill in of duplex replicative form (Gor-f ). Because of its high G + C content, the singlestranded DNA bound to hydroxyapatite under standard conditions (0.12 M PB, 450C) and was completely eluted only at 690C.
RESULTS
The primary analysis in this paper was done with 30 Alu repeated sequences chosen to include Alu sequences that are very similar to each other and to include a few moderately divergent sequences, which are not so divergent that uncertainties in alignment arise. Fig. 1 shows the consensus of these sequences, which is almost identical to the "conserved" consensus (5) mentioned above. A consensus is defined by the majority of nucleotides at eachposition, so the minority of divergent Alu repeats has no effect.JThus, the consensus of Fig. 1 is strictly for the most closely related known Alu repeated sequences. For brevity, it is called "the consensus" rather than "the closely related subset consensus." The fact that a number of sequences differ from the consensus only by independent random mutations indicates that these sequences have been copied from a common unchanging sequence, since if the source sequence mutated Proc. Natl. Acad. Sci. USA 85 (1988) 4771 during the copying period all of the subsequent copies would share the mutation.
Shared Differences from the Consensus (SD). If a set of DNA sequences derive from a common origin, are duplicated, and are subject to changes, we may group together those with nucleotides similar to each other but differing from a progenitor sequence or a consensus sequence. Substitutions, insertions, or deletions shared among a subset but differing from the reference sequence may be informative. However, most mutations of Alu repeats occur repeatedly at CpG dinucleotide hot spots (10) and are not informative. Nevertheless, a minority of mutations do have strong implications regarding origin and relationship among the Alu repeated sequences. We need a term inclusive of both informative and noninformative positions and define SD (shared differences) as the shared mutations (substitutions, insertions, or deletions) differing from a reference sequence. SD may be used for any pair or group of sequences, for a particular position, subset of positions, or all positions. The meaning of SD differs from that of "shared derived characters" since the reference sequence used here is the modem consensus.
The SD of 30Alu Sequences. The SD that occur at the same position in a large fraction of 30 Alu sequences are exhibited in Fig. 2 nucleotides so the sequence has been rearranged first to show off the diagnostic positions and second to isolate the CpG dinucleotides that are hot spots for mutation. There are 50 of these positions and only a sample of them has been listed below the line in Fig. 2 . The Alu repeats that were inserted earliest (and have had a greater chance to be mutated since insertion) are shown at the right and the most recently inserted ones are shown at the left. This diagram immediately identifies diagnostic positions that define several classes of Alu repeats, recognized from the rows of identical nucleotides, which differ from the consensus and are shared among the more divergent (older) Alu repeats.
The 12 positions at 'the top of Fig. 2 appear to show true shared derived mutations occurring as two sets, one of five mutations and a second one including seven mutations. In each case, almost all of the nucleotides are shared among almost all of the subset of Alu repeats. There are 14 Alu repeats that share the upper seven and nine more that share these as well as five additional diagnostic nucleotides. In other words, the presence Qf any one of these npcleotides most often implies that the others of the set will be present, and they are effective glass diagnostics. Class IV is the set of Alu repeats that matches the consensus at most of the 12 positions. Class III is the set that matches the consensus at the lower 5 positions but matches the older Alu repeats at the upper 7 positions. Class II is the set that matches the older Alu repeats at most of the 12 positions. Class I is discussed below and is class J in ref. 6 .
Sequential Replacement of Alu Sources. The patterns of sharing shown at the top of Fig. 2 could in principle arise either (i) from a series of different sources producing each class of Alu repeeats in turn and being sequentially replaced during evolution, or (ii) from a set of coexistent sources producing all classes at all times. From the start it has appeared that (i) is correct since the more divergent Alu repeats to the right on this diagram were probably inserted into the genome at earlier times. The following evidence supports this view.
Several different concurrently operating sources would produce sets of Alu repeats of all classes, each initially identical to the respective source. Then each class would age and would include sequences with a range of divergence from each other and from their source. However, observation shows the opposite. Members of the classes that are more divergent from the consensus are more divergent from each other. For example, the average divergence of all class II members from each other is 56.3 mutations (20% substitutions, insertions, and deletions including CpG positions for the rightmost 9 Alu repeats in Fig. 2 ). The average divergence from each other of the leftmost 13 Alu repeats of class IV is 31.6 mutations (11%). Thus, the rightmost 9 Alu repeats were copied from earlier source sequences and inserted into the genome far in the past and since that time have diverged from the source sequence that existed when they were inserted as well as from each other. Fig. 3 (Triangles) shows the result of similar calculations using a set of 54 sequences. We conclude that in the past the source sequences differed from the modern consensus in the two successive patterns shown at the top of Fig. 2 . The more recent event changed seven positions in the source and the earlier changed five positions.
Mutations Less Shared Among Alu Repeats. For any small number of random independent mutations, the divergence between two sequences will be the sum of their divergences from their source sequence. Therefore, their divergence from each other is expected to be just twice the average of their divergences from the consensus, and the expected slope of the line on Fig. 3 is 1/2, Fig. 1 Rates of Change at CpGs. The lack of pattern in the sharing at most CpG positions is due primarily to the large number of repeated independent transitions at these hot spots for mutation, which are a result of methylation of the cytosines (11) . Fig. 4 Proc. NatL. Acad. Sci. USA 85 (1988) Drift Rate of Alu Sequences After Insertion. There is evidence that the Alu sequence drifts at the rate of single copy DNA (12) . Nine examples ofAlu repeats in identical positions in chimpanzee and human globin gene regions are available for comparison (12) (13) (14) , and the degree of divergence is 1.4% (32/9/231) based on the number of non-CpG positions in the consensus. Single copy DNA hybridization measurements (15) show a divergence of 1.6% and interspecies sequence differences of the 3-globin region (16) also gives a divergence of 1.6%. Alu repeats in orangutan and human DNA have been compared in the f-8globin gene cluster (16) and show a difference of 2.5% for non-CpG sites, while single copy DNA shows 3.4% (15) . It appears the non-CpG Alu repeat drift rate equals the primate single copy DNA rate of =0.15% per million years in each lineage (15, 17) .
Measurement of Most Alu Sequences by Hybridization. Almost all of the Alu repeats that have been sequenced are from gene regions and may not be a random sample of the 900,000 copies that are in-the human genome. To reveal the characteristics of the majority ofAlu repeats, a labeled probe was made from a cloned Alu repeat of class IV recently inserted into the gorilla genome after the human and gorilla lineages separated (9) . This probe (almost identical in sequence to the consensus) was hybridized to human DNA and the thermal denaturation characteristics of the duplexes were determined. The probe Gor-e (see Methods) hybridizes efficiently with human DNA (data not shown) by incubation at 60'C in PT, where the melting temperature (ti) of precise duplexes is 680C. The product is a duplex with a tm of 64TC, indicating that a large set of precise congener Alu repeats (young class IV) is present in the genome. Another probe [Prbl.8(2) ], which is a member of class II, does not hybridize at all under these conditions, although it does hybridize efficiently at lower temperatures in PT, indicating that few if any precise copies of some more divergent Alu repeats are in the human genome.
The fraction of Alu sequences closely related to the consensus is estimated to be -25% in the measurement of Table 1. Dominant nucleotides in the diagnostic positions  Class  Position  IV  III  II  I  7SL  88%  77%  86%  83%  196  G  /  C  C  C  =  C  199  G  /  T  T  T  =  T 
(b c a J) Representation of the sequence differences between the four known classes of Alu sequences, numbered in the order of their appearance during primate evolution (at the top), evolution proceeding from right to left. Listed are the dominant nucleotides in each class for each diagnostic position (see Fig. 1 ). Data are from ref. 6 as well as this work. Jurka and Smith (6) use the symbols in parentheses shown at the bottom to identify the classes. Slashes show the mutations that occurred as the new classes appeared. The average percentage of occurrence of the dominant nucleotide in a class is shown over the column of positions to which it applies. The number of Alu sequences known in each class is at the bottom. The sets of mutations between classes appear as coordinate changes at one time, although they may have been spread over short evolutionary periods. In the right column are shown the nucleotides in the human 7SL sequence; equals signs indicate that the dominant nucleotide in a class equals that in 7SL. Positions are numbered at the left as in the consensus of Fig. 1 . *Position represents a change in the length of an internal string of 5 or 6 As, not part of 7SL. Fig. 5 , for which the recent gorilla insert probe was used. The result does not agree with the known set of sequenced Alu repeats from gene regions. These contain only three closer than 2% divergence from the consensus (Fig. 4) Finally, there are =52 mutations required to reach the modern class IV source. Twenty-four of these are shown in Table 1 , but it is not known when the other mutations occurred or whether they occurred in 7SL. The lines labeled class I and II show the approximate periods of production of these classes of Alu repeats, based on the number of mutations of members of these classes. Numbers beside arrows are the number of diagnostic changes between classes (Table 1) would, of course, be sets of recently inserted Alu repeats and sets of older ones separable by their degree of divergence. The resulting broad distribution could be split into narrow fractions, each with a consensus sequence. The older groups would differ more from the modem consensus, and their members would be more divergent from each other, but the boundaries would be totally arbitrary. To discriminate against such a model, some specific coherence of subfamilies must be shown. Subsets of Alu repeats have been proposed, arguing from the widths of distributions of divergence (5), but without specific evidence for coherence. Nevertheless, their "divergent" subset is like class I and the "conserved" is similar to class IV, although the more divergent majority of this class could not be recognized by their method. Our evidence for subfamily structure is that particular groups of mutations are correlated. In other words, if one mutation (of a correlated set) is present in a given Alu sequence, there is a very high probability that the other mutations of that set will be present in that sequence. Table 1 is an assembly of the positions that define the four classes, showing the mutational events.
The quality of the diagnostic positions for identifying classes is indicated by the percentages listed in Table 1 Fig. 4 shows the Alu repeats rapidly lose CpGs. One insertion has occurred in the evolution of the sources, while among the 30 Alu repeats of Fig. 2 , the following insertions have occurred: 11 single-nucleotide; 2 double-nucleotide; 4 four-nucleotide; 1 seven-nucleotide; and 1 eight-nucleotide insertion. The source genes have suffered 1 two-nucleotide deletion, while the set of 30 Alu sequences includes 67 singleor double-nucleotide deletions.
During its dominant period (Fig. 6 ) the source of class IV Alu repeats has not changed in sequence, although if it was mutated at the rate of drift observed for Alu repeats after insertion, a 4.5% change (10 mutations) would have occurred, exclusive of CpGs. These observations indicate that selection against sequence change has been important in the history of the source genes, suggesting that they carry out a function. A reasonable proposal would be the production of an RNA that is part of a functional ribonucleoprotein particle similar to the signal recognition particle (18) , which contains 7SL RNA. If such a particle exists, the RNA would have a sequence nearly identical to the consensus. The Alu repeats could be thought of as nearly a million pseudogenes.
The differences of the modern human Alu source from the modern 7SL can be explained by the steps in Fig. 6 (Upper Left). It is not possible to decide about the order of many of the events, but the first deletion and creation of an Alu-like sequence probably occurred before the mammalian radiation, since the rodents have a similar sequence that is half the length of the modem human Alu. The duplication and next deletion probably occurred after the primate lineage was established and before the split with the prosimian lineage, since only primates appear to have the double-length Alu, which is also present in prosimians. A galago sequence (19) shares the basic structure of the human Alu and 7 of the defining nucleotides of class I, indicating that the transition from class I to class II occurred in the primate lineage after the split with the prosimians. It is possible to date the four classes ofAlu repeats from the number of mutations (differing from the consensus) in the positions that are not diagnostic positions or CpGs. The average values for classes III and IV are 6.4% and 4.5%, suggesting that their sources were active 43 and 30 million years ago. Fig. 6 shows the distribution of age estimates for Alu repeats of classes III and IV suggests overlap in the times that the different sources were active. Class III apparently ceased activity about the time that the average class IV sequence was inserted into the genome, -30 million years ago. It is certain that class IV was not produced in a short burst of activity (5), since one recent member of class IV (9) was inserted into the gorilla genome after the gorilla and human lineages separated, while the oldest known members of this class were probably inserted =60 million years ago, as indicated in Fig. 6 .
The data indicate that a series of genes has existed that have been sequentially derived from each other but nevertheless coexisted. The mutations that are diagnostic for the change from each class to the subsequent class are almost all retained right up to the present, as shown in Table 1 . As each new class of source evolved it was more divergent from the progenitor 7SL sequence by virtue of sets of coordinated changes.
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